Bcl-2 is an anti-apoptotic oncoprotein and its protein levels are inversely correlated with prognosis in many cancers. However, the role of Bcl-2 in the progression of prostate cancer is not clear. Here we report that Bcl-2 is required for the progression of LNCaP prostate cancer cells from an androgen-dependent to an androgen-independent growth stage. The mRNA and protein levels of Bcl-2 are significantly increased in androgen-independent prostate cancer cells. shRNA-mediated gene silencing of Bcl-2 in androgen-independent prostate cancer cells promotes UV-induced apoptosis and suppresses the growth of prostate tumors in vivo. Growing androgen-dependent cells under androgen-deprivation conditions results in formation of androgen-independent colonies; and the transition from androgen-dependent to androgen-independent growth is blocked by ectopic expression of the Bcl-2 antagonist Bax or Bcl-2 shRNA. Thus, our results demonstrate that Bcl-2 is not only critical for the survival of androgen-independent prostate cancer cells, but is also required for the progression of prostate cancer cells from an androgen-dependent to an androgen-independent growth stage.
Introduction
Prostate cancer is a frequently diagnosed cancer in men. The growth of prostate cancer is initially androgendependent and androgen ablation is a leading therapeutic option for prostate cancer, especially metastatic cancer [1, 2] . However, malignant prostate cancer eventually relapses and grows independently of androgen. The molecular mechanism by which androgen-dependent prostate cancer cells acquire the ability to grow under the conditions of androgen-deprivation is poorly understood.
Bcl-2 is an anti-apoptotic oncoprotein, whose oncogenic effects are mediated by preventing cell death, rather than Up-regulation of Bcl-2 is required for the progression of prostate cancer cells from an androgen-dependent to an androgen-independent growth stage promoting cell proliferation. Increased expression of Bcl-2 contributes to tumorigenicity, poor clinical prognosis and resistance to chemo-and radiation-therapy in many tumors. In vivo administration of antisense Bcl-2 oligodeoxynucleotides in combination with Taxol in castrated mice bearing Shionogi tumors significantly delays the development of androgen-independent, recurrent prostate tumors [3] . In humans, androgen-independent prostate cancer cells often express high levels of Bcl-2 [4] , whereas normal prostatic secretory epithelial cells do not express Bcl-2 proteins [5] . Interestingly, the expression level of Bcl-2 protein is significantly increased when prostate cancer progresses from an androgen-dependent to an androgen-independent growth stage [4] . However, the role of Bcl-2 in the progression of prostate cancer is unclear.
The human prostate cancer cell line LNCaP is a widely used prostate cancer cell model, as LNCaP cells have functional androgen receptors and depend on androgen for proliferation [6] . In addition, withdrawal of androgen induces the transition of LNCaP cells from an androgen-npg Bcl-2 regulates progression of prostate cancer cells growth stage dependent to an androgen-independent growth stage [6] . Various sublines of LNCaP cells have been derived from the original LNCaP cells [7] [8] [9] , including androgen-dependent LNCaP 104-S, androgen-independent 104-R1, 104-R2, and CDXR cells, all of which have similar genetic background [6] . These cell lines provide a useful model for studying the molecular mechanism(s) underlying the progression of prostate cancer. Using the LNCaP 104 cell model system, we investigated the role of the anti-apoptotic protein Bcl-2 in the transition of prostate cancer from an androgen-dependent to an androgen-independent growth stage. We found that Bcl-2 is required for the survival of androgenindependent 104-R cells but not for androgen-dependent 104-S cells. More importantly, Bcl-2 plays a critical role in the transition of androgen-dependent 104-S cells to androgen-independent 104-R1 cells. Thus, our results reveal a novel role of Bcl-2 in regulating the progression of prostate cancer.
Materials and Methods

Cell culture
Human prostate cancer cell LNCaP sublines 104-S, 104-R1, 104-R2, and CDXR were generated and maintained as described previously [6, 10] . Androgen-dependent 104-S cells were grown in DMEM with 10% fetal bovine serum (FBS), supplemented with 1 nM DHT (5a-dihydrotestosterone). Androgen-independent 104-R1, 104-R2, and CDXR cells were cultured in DMEM with 10% dextran-coated charcoal-stripped fetal bovine serum (CS-FBS) [6] .
Androgen-deprivation progression colony assay
The assay for the progression of androgen-dependent 104-S cells to androgen-independent Casodex-resistant CDXR cells has been described previously [10] . The same method was used to analyze the growth of androgen-independent colonies. Briefly, cells were cultured in DMEM supplemented with 10% CS-FBS and 5 µM anti-androgen Casodex (Cdx) [11] . Cell cultures were maintained for 4 to 6 weeks and the medium was changed every three days. Floating cells were washed away and attached cells and/or colonies were counted in duplicated plates.
Cell death assay
Apoptotic cell death was determined by staining nuclei with Hoechst 33258, followed by visualization by UV microscopy and quantification by counting condensed and fragmented nuclei in five randomly selected areas, as described previously [12] . Caspase activity assays were carried out by using the fluorogenic caspase-3 substrates (DEVE-AFC), as described previously [12] .
Immunoblotting analysis
Cells were lysed in buffer containing 50 mM Tris-HCl (pH 7.4), 2 mM MgCl 2 , 145 mM NaCl, 2 mM EGTA, 0.25% Nonidet P-40 (NP-40), 1 mM DTT, and a cocktail of protease inhibitors (2 mM PMSF, 5 mg/ml leupeptin, 5 mg/ml aprotinin). After removal of cell debris by centrifugation, equal amounts of proteins were separated by SDS-PAGE, transferred onto PVDF membrane, and analyzed by immunoblotting using antibodies against Bcl-2 (Pharmingen), Mcl-1 (Santa Cruz), Bax (Santa Cruz), and b-actin (Chemicon). The immune complexes were detected with appropriate secondary antibodies and chemiluminescence reagents (Pierce).
Generation of shRNA stable cell lines and IPTG-inducible Bax expression cell lines
To generate Bcl-2 shRNA stable 104-S and 104-R cell lines, complementary oligonucleotides corresponding to the 64-base shorthairpin RNA containing a 19-base Bcl-2 sequence in inverted repeat orientation were synthesized (Integrated DNA Technologies, Inc.). After annealing, the 64-mer duplex was inserted into BglII/HindIIIdigested pH1RP RNAi expression vector [13] . Two shRNA constructs were generated according to Bcl-2 open reading frame at position 31 (5'-CCG GGA GAT AGT GAT GAA G-3') and 64 (5'-GCT GTC GCA GAG GGC TAC-3'). After transfecting LNCaP 104-R1 cells with a mixture of both shRNA constructs, G418-resistant colonies were selected and clones were screened for reduced Bcl-2 expression by immunoblotting analysis using anti-Bcl-2 antibody. For 104-S/Bcl-2 shRNA cells, the G418 resistant colonies were selected and screened for shRNA levels by real-time Quantitative PCR, since the Bcl-2 protein level in 104-S cells was too low to be detected by immunoblotting. The 5' end of the probe was labeled with reporterfluorescent dye FAM. The 3' end of the probe was labeled with quencher dye TAMRA. The forward and reverse PCR primers were 5'-TGG CTG TGA GGG ACA GGG-3' and 5'-GAT TTT CCC AGA ACA CAT AGC GAC-3' respectively. To generate IPTG (Isopropyl b-D-1-thiogalactopyranoside)-inducible Bax expression cell lines, HA-tagged Bax was cloned into the LNXR02 vector [14] . After cotransfection with lac-repressor-expressing vector p3'SS (Stratagene), the cells were selected with G418 for 3 weeks, the G418 resistant colonies were expanded, and expression of Bax proteins were induced by addition of 1 mM IPTG for 24 h. HA-Bax protein levels were detected by immunoblotting with anti-HA antibody.
Tumorigenic analysis in mice
In vivo experiments involving mice were approved by the University of Chicago Institutional Animal Care and Use Committee. Eight week-old male BALB/c nu / nu mice (National Cancer Institute, Frederick, MD) were subcutaneously injected in both flanks with 1 ×10 6 104-R1/vector or 104-R1/Bcl-2 shRNA cells suspended in 0.2 ml Matrigel (BD Biosciences) 14 d after castration. Tumor volumes were recorded every week using calipers and volume was calculated using the formula: volume = length × width × height × 0.52 [15] . Statistical analysis was done using a two-tailed paired Student's t test.
Results
Upregulation of Bcl-2 protein levels during the progression of androgen-dependent LNCaP cells to androgen-independent LNCaP cells.
While the growth of LNCaP 104-S cells depends on androgen, they can be "converted" to androgen-independent 104-R1 cells, after long-term androgen deprivation in vitro ( Figure 1A ) [6, 16] . 104-R1 cells can further progress to 104-R2 cells, whose growth can even be suppressed by androgen [6, 16] . The whole process takes about two years under the conditions of androgen-deprivation [6] . However, androgen-independent LNCaP cells can also be generated in a few weeks after culturing 104-S cells under the conditions of androgen-deprivation plus treatment with anti-androgen Casodex (Cdx) [11] . The resultant cells can be further cultured into a stable cell line, termed CDXR (Casodex-resistant cells) [6] ( Figure 1A ). The progression of 104-S cells to 104-R or CDXR cells closely mimics the progression of prostate cancer in patients who undergo anti-androgen treatment clinically [2, 17] .
Using the LNCaP prostate cell model system, we examined the expression profile of Bcl-2 during the progression of prostate cancer cells from an androgen-dependent to an androgen-independent growth stage. Immunoblotting analysis revealed that there was no detectable Bcl-2 in androgen-dependent 104-S cells ( Figure 1B) . By contrast, Bcl-2 levels dramatically increased in androgen-independent 104-R1, 104-R2 and CDXR cells (Figure1B). RT-PCR revealed that 104-R1 but not 104-S cells had detectable Bcl-2 mRNA ( Figure 1C) , suggesting that the up-regulation of Bcl-2 during the progression of prostate cancer cells from an androgen-dependent to an androgen-independent growth stage occurs at the transcription level. This observation is consistent with previous reports that in clinical specimens, Bcl-2 protein levels usually increase in androgen-independent prostate cancer [18] . The up-regulation of Bcl-2 proteins is specific, since there were no significant changes in expression levels of other Bcl-2 family proteins, such as anti-apoptotic Mcl-1 and pro-apoptotic Bax ( Figure 1B) . These results suggest that in the absence of androgen, which is a major survival factor for androgen-dependent prostate cancer cells, Bcl-2 may become a major survival factor for androgen-independent prostate cancer cells.
Bcl-2 is required for the survival of androgen-independent prostate cancer cells
To determine whether Bcl-2 substitutes for androgen as a survival factor in androgen-independent prostate cancer cells, 104-R1 cells were stably transfected with pH1RP vector expressing shRNA of Bcl-2 (104-R1/Bcl-2 shRNA) or empty pH1RP vector (104-R1/vector). Immunoblotting analysis revealed that Bcl-2 protein levels were significantly reduced in several clones stably transfected with Bcl-2 shRNA (Figure 2A) . shRNA-mediated knockdown of Bcl-2 proteins did not affect the growth properties of these stable clones (data not shown). To test whether knockdown of Bcl-2 sensitizes the cells to apoptotic stimuli, 104-R1/Bcl-2 shRNA and the control 104-R1/vector cells were treated with UV (10 mJ/cm 2 ) and then incubated for 15 h. Apoptotic cell death assays showed that 104-R1/Bcl-2 shRNA cells were much more sensitive to UV-induced apoptosis than the control, as measured by caspase 3 assays ( Figure 2B ). In contrast, knockdown of Bcl-2 did not affect the sensitivity of androgen-dependent 104-S cells to UV-induced apoptosis (data not shown).
To determine whether Bcl-2 regulates the tumorigenicity of 104-R1 cells in vivo, castrated male mice were subcutaneously injected with 104-R1/Bcl-2 shRNA or 104-R1/vector cells. Tumor number (frequency) and size (volume) were monitored weekly. Interestingly, the ability of 104-R1/Bcl-2 shRNA cells to form tumors (frequency) was not significantly affected by knockdown of Bcl-2 (data not shown), whereas knockdown of Bcl-2 significantly suppressed the growth of the tumor when compared to the control groups, as measured by tumor volume ( Figure 2C ). These results show that Bcl-2 is required for overriding the growth barrier caused by androgen withdrawal.
Ectopic expression of the Blc-2 antagonist Bax suppresses the progression of prostate cancer cells from an androgendependent to an androgen-independent growth stage
The pro-apoptotic Bcl-2 family protein Bax antagonizes the pro-survival function of Bcl-2 by forming the Bax/Bcl-2 heterodimer [19] . The ratio of Bcl-2:Bax and level of free Bcl-2 is critical for cell survival [20] . Androgen-dependent 104-S cells express little or no Bcl-2 and depend on androgen for survival. Androgen-independent 104-R1 cells depend on Bcl-2 for survival, therefore, an increase in the ratio of Bax/Bcl-2 should significantly affect the survival of 104-R1 cells but not 104-S cells. To test this scenario, we established 104-S cells stably expressing an IPTG-inducible HA-Bax. Immunoblotting analysis revealed that addition of IPTG significantly induced expression of HA-Bax in the 104-S HA-Bax cells ( Figure 3A) . In the absence of IPTG, there was low level expression of HA-Bax ( Figure  3A ), most likely due to the leakage of the IPTG expression system. This low level expression of HA-Bax did not affect the growth of 104-S cells in the presence of androgen (data not shown). In contrast, we were unable to obtain any colonies of 104-R1 cells under the same condition (data not shown), suggesting that 104-R1 cells are more sensitive to the anti-Bcl-2, pro-apoptotic protein Bax. This suggests that an increase in the ratio of Bax:Bcl-2 suppresses the growth of androgen-independent 104-R1 cells.
To determine whether the Bcl-2 antagonist Bax is able to block the progression of prostate cancer cells from an androgen-dependent to an androgen-independent growth stage, 104-S/IPTG-HA-Bax cells were subjected to the androgen-deprivation progression assay. Cells were grown in the presence of androgen for 4 d, followed by androgen-deprivation plus 5 µM of anti-androgen Cdx. The cell viability was monitored over 50 d. The results revealed that 104-S/IPTG-vector cells underwent the crisis stage, but eventually grew back again in the absence of androgen (Figure 3B) . Under the same conditions, 104-S/IPTG-HA-Bax cells underwent the "crisis" stage but were unable to grow again in the absence of androgen, with or without further induction of HA-Bax by IPTG ( Figure 3B ). Consistent with this finding, the tumor formation frequency of 104-S/IPTG-HA-Bax cells in castrated mice was significantly decreased, even in the absence of IPTG ( Figure 3C ). This suggests that even a low level of HA-Bax protein is suf- ficient to prevent the progression of androgen-dependent 104-S to androgen-independent cells in vivo.
Expression of Bcl-2 shRNA prevents the progression of prostate cancer cells from an androgen-dependent to an androgen-independent growth stage
Although ectopic expression of HA-Bax changes the ratio of Bax:Bcl-2, which is critical in determining the cell death threshold, Bax may induce cell death independently of Bcl-2 [21] . It is possible that ectopically expressed Bax may suppress the progression of androgen-dependent 104-S cells to androgen-independent cells independently of its inhibition on Bcl-2. To determine whether Bcl-2 itself is essential for the progression of prostate cancer cells from an androgendependent to an androgen-independent growth stage, 104-S cells were stably transfected with expression vectors encoding Bcl-2 shRNA. Since there was no detectable Bcl-2 protein in parental 104-S cells, 104-S/Bcl-2 shRNA stable clones were screened by their expression levels of Bcl-2 shRNA, using quantitative RT-PCR. The effectiveness of Bcl-2 shRNA in 104-S cells was estimated by comparing its expression levels with that in 104-R1/Bcl-2 shRNA cells, in which Bcl-2 shRNA significantly silences Bcl-2 expression ( Figure 4A ). Androgen-deprivation progression assays revealed that there was an inverse correlation between the expression levels of Bcl-2 shRNA and the formation of androgen-independent colonies. The more Bcl-2 shRNA that was present (Figure 4A ), the fewer androgen-independent colonies that were formed ( Figure  4B ). Interestingly, ectopic expression of Bcl-2 in 104-S cells did not significantly increase androgen-independent colony formation in this assay (data not shown). This is perhaps not surprising, since the oncogenic role of Bcl-2 is to suppress cell death, rather than to promote cell proliferation. It is likely that up-regulation of endogenous Bcl-2 during androgen-deprivation progression is sufficient to suppress cell death and drive the formation of androgenindependent clones.
Taken together, our results demonstrate that Bcl-2 is likely a key survival factor that regulates the progression of prostate cancer cells from an androgen-dependent to an androgen-independent growth stage.
Discussion
Our results suggest that Bcl-2 is required for the progression of prostate cancer cells from an androgen-dependent to an androgen-independent growth stage by substituting for androgen as a survival factor. This conclusion is based on the following evidence.
First, Bcl-2 protein levels were undetectable but were significantly up-regulated when androgen-dependent 104-S cells progressed to androgen-independent 104-R or CDXR cells (Figure 1) . Second, knockdown of Bcl-2 in androgenindependent 104-R cells sensitized the cells to apoptotic stimuli and blocked tumor progression in vivo (Figure 2) . Third, ectopic expression of the Bcl-2 antagonist Bax suppressed the ability of androgen-dependent 104-S cells to grow under the conditions of androgen-deprivation and to form tumors in castrated mice (Figure 3) . Finally, "pre-loading" of Bcl-2 shRNA in androgen-dependent 104-S cells blocked their transition to an androgen-independent growth stage ( Figure 4 ). These results demonstrate that Bcl-2 is required for the progression of prostate cancer.
It has been reported that under the conditions of androgen deprivation, most of androgen-dependent 104-S cells undergo cell cycle arrest and eventually die during a "crisis" stage [22] . The molecular mechanism by which the surviving androgen-dependent cells grow again in an androgen-independent manner has been controversial. It has been proposed that there is a "transition" stage, in which molecular changes convert the cells from androgen-dependent to androgen-independent growth. However, it has also been hypothesized that the growth of a small pre-existing population of androgen-independent cells among androgendependent cells is selected during androgen deprivation. Determination of the expression levels of Bcl-2 proteins in single prostate cancer cells may provide an answer to the controversy. Nevertheless, it is clear that Bcl-2 plays a critical role in regulation of the progression of prostate cancer from androgen-dependent to androgen-independent growth. Inactivation of Bcl-2 in androgen-dependent prostate cancer may be useful in combination with antiandrogen therapy to prevent the relapse of prostate cancer after anti-androgen therapy.
